CONTEXT We evaluate programmes in health professions education (HPE) to determine their effectiveness and value. Programme evaluation has evolved from use of reductionist frameworks to those addressing the complex interactions between programme factors. Researchers in HPE have recently suggested a 'holistic programme evaluation' aiming to better describe and understand the implications of 'emergent processes and outcomes'.
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FRAMEWORK We propose a programme evaluation framework informed by principles and tools from systems engineering. Systems engineers conceptualise complexity and emergent elements in unique ways that may complement and extend contemporary programme evaluations in HPE. We demonstrate how the abstract decomposition space (ADS), an engineering knowledge elicitation tool, provides the foundation for a systems engineering informed programme evaluation designed to capture both planned and emergent programme elements.
METHODS We translate the ADS tool to use education-oriented language, and describe how evaluators can use it to create a programmespecific ADS through iterative refinement. We provide a conceptualisation of emergent elements and an equation that evaluators can use to identify the emergent elements in their programme. Using our framework, evaluators can analyse programmes not as isolated units with planned processes and planned outcomes, but as unfolding, complex interactive systems that will exhibit emergent processes and emergent outcomes. Subsequent analysis of these emergent elements will inform the evaluator as they seek to optimise and improve the programme.
CONCLUSION Our proposed systems engineering informed programme evaluation framework provides principles and tools for analysing the implications of planned and emergent elements, as well as their potential interactions. We acknowledge that our framework is preliminary and will require application and constant refinement. We suggest that our framework will also advance our understanding of the construct of 'emergence' in HPE research.
INTRODUCTION
Programme evaluation involves a systematic approach to data collection and analysis, and is generally used to address questions relating to a programme's effectiveness. 1 Evaluation in health professions education (HPE) is recognised as a key element of assuring high-quality programmes. [2] [3] [4] However, traditional programme evaluation frameworks in HPE may not address the multiple factors affecting the processes and outcomes associated with educational programmes, such as differing levels of student and faculty member engagement. To evaluate the interplay between all relevant factors, scholars in HPE have reconceptualised programme evaluation to answer questions such as: How and why is the programme working? What else is happening within a programme?. 5 Beyond outlining the conceptual basis for their 'holistic program evaluation', Haji et al. 5 did not provide any framework, methods or tools for how to implement it. In this paper, we argue that systems engineering provides a framework and tools that evaluators can use to conduct programme evaluation that addresses the complexity of educational programmes.
Traditional programme evaluation frameworks in HPE have been influenced by the prominent theories of different eras, from reductionism 6 to systems theory [7] [8] [9] to complexity theory. 10, 11 When evaluating complex programmes, the current standard is developmental evaluation, 12 which uses complexity theory and concepts of systems thinking to address the messiness of social interactions and associated uncertainties. The developmental evaluation model includes the construct of emergence, which is thought to result from a programme and its stakeholders adapting to environmental characteristics. 13 In HPE, Haji et al. 5 also note emergence as a key dimension of analysis, suggesting that educational programmes contain planned processes, planned outcomes, emergent processes and emergent outcomes. They advise evaluators to collect and analyse all four types of data, to discern how and why the programme is working, as well as what else happens within and because of the programme.
We propose using systems engineering principles to refine how to conceptualise emergence, and how to identify methods for capturing planned processes, planned outcomes, emergent processes and emergent outcomes. Our proposal builds on previous discussions of complexity, systems thinking and emergence in the literature on developmental evaluation, adding principles and tools unique to scholarship in systems engineering. We first describe cognitive systems engineering, and the associated frameworks for thinking about systems. Next, we elaborate on the various decisions we made during our journey to identify an engineering tool that will help address the methodological gap. We then provide an overview of that tool, and propose refined conceptualisations of planned and emergent elements in an educational programme. Lastly, we compare our systems engineering informed programme evaluation framework with alternative frameworks currently used in HPE, highlighting areas of commonality and distinction.
CONCEPTUAL FRAMEWORK

Systems engineering
Engineering approaches to problem-solving typically involve using basic sciences to create a tangible solution. 14, 15 Most engineering subdisciplines focus only on specific problems in the spectrum of science. Civil engineers, for example, work primarily on the design, construction and maintenance of physical and naturally built environments, such as roads, bridges, canals and buildings. Similarly, electronic engineers focus primarily on the design, development and implementation of technologyrelated solutions such as simulators, medical support systems and the phone in your pocket. By contrast, systems engineers do not focus on a specific area, and instead address complex problems requiring multiple engineering subdisciplines to work together. 16, 17 Systems engineers must understand the unique expertise of each engineering subdiscipline, they must analyse how each will inform the problem-solving approach, and they must ensure the different team members understand the need to collaborate using a systems perspective. For systems engineering, as the Gestalt principle suggests, the whole is greater than the sum of the parts. 18 A famous example is the Apollo 13 Project, wherein engineers from multiple subdisciplines worked together to solve the highly complex problem of bringing astronauts back to earth. Systems engineers coordinated that project to develop a robust solution. 19 
Cognitive systems engineering
Cognitive systems engineering, a type of systems engineering, prompts engineers to conceptualise systems as a stakeholder-resources alliance, often called a socio-technical system. [20] [21] [22] The technical factor refers to the available resources (e.g. physical materials), as well as the organisational structures and processes binding the system. The societal factor refers to all stakeholders who interact with or get shaped by the technical factors. 23, 24 Cognitive systems engineers study the interaction between the technical and the societal factors to better understand a system's behaviour. 20 Such systems are defined as complex when the societal and technical factors interact to exhibit unexpected behaviours. 25 Engineering complex socio-technical systems Figure 1 illustrates a common five-stage framework for engineering socio-technical systems. 26 Although all stages are equally important, for the purposes of this paper we limited our scope to using the framework to study systems in HPE that are already implemented and ongoing. Thus, we moved past the initial 'preparation and framing' stage to focus on the 'knowledge elicitation' stage, in which engineers work to produce a robust description of system elements. Although there are many knowledge elicitation tools employed in cognitive systems engineering, we suggest that cognitive work analysis includes an ideal toolbox for analysing socio-technical systems. 27 Engineers use cognitive work analysis to model complex socio-technical systems by inspecting and representing each system's specific characteristics, and refer to the resulting model as a work domain. 27 A work domain highlights the resources, policies and spatial and societal characteristics of a given socio-technical system. [28] [29] [30] When conducting a cognitive work analysis, engineers assume that the system's technical characteristics will largely remain constant no matter the type of task performed by the societal factors. For example, in an educational programme, the resources, location, policies and support personnel will remain the same despite the different choices students may make to achieve their goals. 24, 31 In this example, the many possible ways the students might interact with the rest of the system meets the criteria engineers use to define the system as complex. Engineers judge a work domain as robust if it is 'event independent', meaning actions of the societal factor do not influence the work domain meaningfully, and therefore, the system characteristics have been specified comprehensively. Accurate work domains provide a platform to analyse the possible behaviours and events (planned and emergent) that might be carried out within the system. 27 
Abstract decomposition space
When conducting a work domain analysis, system engineers use the abstract decomposition space (ADS) as their data collection instrument. The ADS is used to relate a work domain's various characteristics to the system's goals, and to examine whether those characteristics support the different goals. 32 When developing the ADS, engineers represent data along two orthogonal dimensions: the abstract dimension and the decomposition dimension. 30, 33 Table 1 presents the foundational ADS that systems engineers use as a foundation for developing a customised ADS representing the unique characteristics of the system under analysis.
The abstract dimension of the ADS requires dividing a system according to the means-ends relationships that exist within it.
32 Table 1 presents and defines the five initial levels of abstraction suggested in the foundational engineering ADS. These levels are by no means rigid or mandatory. Developing the abstract dimension of an ADS requires mixing a top-down approach starting with identifying goals of the system with a bottom-up approach starting with identifying system resources. 32 Thus, the aim is to explore the system and refine the ADS so that the abstraction levels are optimised for that specific system, which informs the analysis of whether the resources available in the system support achieving the system goals.
Working through the decomposition levels (see Table 1 ), can be likened to 'zooming in and out' of the system, where the focus varies from the whole system to the sub-systems or factors that constitute the system. 30, 32 The decomposition dimension can be described as reflecting the attention span required of stakeholders as they function in the system. Most educational programmes, for example, are comprised of numerous factors that trainees must zoom in and out of, depending on the situation. For example, during the clerkship year of medical school, students complete several rotations and each of those rotations will have different modules, lectures, hands-on practice opportunities and learning experiences. The students may focus generally on achieving a good mark in their clerkship, but while they are going through the different rotations, their attention span will likely shift to the modules or specific activities that are required to successfully complete the individual rotation (i.e. zooming in). Working towards understanding how the factors of a system relate to each other as well as to the whole system, developing the decomposition portion of the ADS, helps to identify if there are problems at the system level, or if instead, the problems are at a factor level, which informs more focused attempts to resolve system issues.
APPLYING COGNITIVE SYSTEMS ENGINEERING CONCEPTS TO CONDUCT A PROGRAMME EVALUATION
We propose using the systems engineering principles above to conceptualise educational programmes as complex socio-technical systems. 20 Educational programmes satisfy the necessary conditions: they include a societal factor (i.e. trainees, teachers, programme directors and any other stakeholders) and a technical factor (i.e. teaching resources, learning resources, technologies and curriculum policies). Moreover, framing educational programmes as complex socio-technical systems implies they will exhibit emergent properties that will depend primarily on interactions between the stakeholders (i.e. societal factor), resources (i.e. technical factor) and policies that govern the programme (i.e. context). Table 1 Foundational abstract decomposition space (ADS) from engineering scholars. The idea with this ADS is to give the user a starting point. The evaluator will start to use this ADS to create a new one tailored to the programme under evaluation. Although cognitive systems engineering offers these levels as a starting point, the levels of abstraction in an ADS are determined by the means-ends relationships of the system. Depending on the system, more levels can be added, or some can be removed 32, 38 Total system Sub-systems Sub-assembly Component
Functional purpose Refers to the purpose of the system (i.e. system goals)
Abstract function Refers to the way to determine if the goals of the system have been accomplished based on the generalised functions of the system Generalised function Refers to the function accomplished by the activities performed by the physicalities of the system Physical function Refers to the activities that the physicalities of the system can perform
Physical form Refers to the physicality of the system (i.e. technical and human resources available) Abstraction (means/ends) Decomposition (whole/part) Our systems engineering framework begins with conducting a work domain analysis to produce a programme-specific ADS. We propose that a robust programme-specific ADS will allow evaluators to study how the programme's specific characteristics shape the behaviours of the stakeholders, and whether programme resources support achieving programme goals. We understand that our systems engineering thinking will not translate seamlessly into education; therefore, we anticipate a programme-specific ADS of an educational programme will capture most, but not all, relevant elements, processes and outcomes. As Kenneth Burke stated: 'Every way of seeing is also a way of not seeing'. 34 
Operationalising emergence and emergent elements
Researchers from different fields define and measure the concept of emergence differently. In HPE, Cristancho et al. 35 have studied emergence in surgical decision making, suggesting surgeons and their context are so inseparable that all clinical decisions can be characterised as emergent, given they arise via the constant exchange between the surgeon and other system elements. This view resonates strongly with Mintzberg's position that emergent strategies are those with a 'total absence of intention'. 36 Engineers offer a different view, describing two forms of emergent elements within systems. First, emergence arises when different elements within a system interact. For example, incorrect drug dosage orders may arise when trainees interact with a new order-set user interface. Second, emergence arises when the 'whole' system interacts with its environment. For example, unexpected practices and processes may arise when a hospital introduces a new clinical teaching unit into its organisational structure. In our attempt to harmonise these perspectives, we propose that identifying emergence requires understanding the difference between what was planned and what is observed. This arithmetic approach aligns with two main ideas: that emergent elements are unintentional; and that system elements, processes and interactions, emergent or otherwise, can be observed and documented. In operationalising this, we propose that elements arising in a system, found after considering all the planned elements alongside all observed elements in the programme-specific ADS, can be defined as emergent, given the absence of the programme designer's and other stakeholders' intentions (see proposed
Using our proposed framework, evaluators will be able to analyse programmes not as isolated units with planned processes and planned outcomes, but as unfolding, complicated, interactive systems that generate additional emergent processes and emergent outcomes.
Preliminary methods of programme evaluation informed by system engineering Given that engineering projects can be so unique, previous researchers have suggested there is no standard method for creating an ADS, and instead the process must be adapted to the system under analysis. To use the ADS as part of a systems engineering informed programme evaluation, we have created a basic educational ADS (Fig. 2) to facilitate knowledge translation from engineering to education.
Our proposed framework requires that the evaluator starts with a basic educational ADS (Fig. 2) and collects several iterations of data to develop a programme-specific ADS. Our proposed methods of data collection include document analysis, structured observations and semi-structured interviews, although additional forms of data could be utilised. An evaluator begins by analysing all the existing documentation related to the programme (e.g. syllabus, written materials, reports and previous evaluations). The evaluator then conducts a series of observations to explore all the dimensions of the programme (i.e. planned processes, planned outcomes, emergent processes and emergent outcomes). Where possible (e.g. in courses that are repeated with several cohorts), the evaluator conducts observations during several iterations of the programme, updating and refining the programme-specific ADS each time. Concurrent with the observations, we recommend that the evaluator should also conduct semi-structured interviews with a sample of all relevant programme stakeholders (i.e. trainees, faculty members, course directors, and so on). Throughout all phases of data collection, the ADS is refined and updated to better represent the whole system as well as its elements.
Throughout all phases of data collection, the ADS is refined and updated to better represent the programme as well as its elements. This refinement process requires a combination of deductive and inductive data analyses. An evaluator first analyses all collected data deductively, seeking factors from the basic educational ADS, to verify the degree to which the collected data align with the ADS. Where the evaluator detects misalignment, the ADS is refined to better address the specifics of the programme by adding an inductive analysis of all collected data to the previous deductive analysis. The evaluator repeats this cycle, from deductive to inductive analyses, during every data collection iteration until additional observation and interview data do not result in meaningful changes to the programme-specific ADS (i.e. information saturation is reached). To ensure rigour with these methodologies, we suggest the evaluator seeks support from a team that can assist in data interpretation and analyses.
The evaluation team then inspects the data collected and assigned to each category of the abstract dimension, with the aim of judging which programme elements are planned and which are emergent, using Eqn 1. In addition to the unexpected presence of various elements, they must document consistent absence of elements. That is, if the team does not observe data related to a planned element during data collection and analysis, then they would consider its absence as emergent.
After defining the planned and emergent elements of the system, our analysis requires mapping the relationships between all elements within each category as well as between categories. Such a thorough data collection and analysis process is designed to allow the evaluation team to develop a comprehensive map of 'what is happening' in the educational programme.
HYPOTHETICAL SYSTEMS ENGINEERING INFORMED PROGRAMME EVALUATION
Consider a hypothetical course designed to teach medical trainees suturing skills using a flipped classroom approach and expert-supported learning. In addition to teaching the technical skill, the course director also aims to teach trainees to speak up when they do not know how to perform a skill, so they can receive proper guidance and feedback. We remind readers that although this hypothetical example might seem like a simple course for teaching technical skills, systems engineers would view the potential interactions between societal and technical factors as complex and able to generate emergent properties.
To keep the example simple, Figure 3 only illustrates three levels on the ADS abstract dimension: course goals, teaching and learning afforded by resources, and course resources. The different levels in Figure 3 are populated with hypothetical, yet realistic, elements that might be observed and coded under each level. In this example, we imply that the programme developers did not outline two key aspects of the basic educational ADS (Fig. 2) , namely what knowledge Figure 2 Basic educational abstract decomposition space (ADS). The figure presents the basic dimensions that would compose an educational programme. The dimensions are intrinsically related: the resources afford certain teaching and learning methodologies; those methodologies are implemented to deliver a particular knowledge or experience to learners; the delivered knowledge/experience should be assessed; and the assessment results can be used as a parameter to determine if the programme is meeting its goals. The basic educational ADS is the initial tool a programme evaluator would use to create a programme-specific ADS or skills the learners are expected to acquire or the assessment tools to measure such outcomes. Thus, producing a programme-specific ADS might result in more or fewer abstract dimension levels, and evaluators might produce their own labels for these levels, depending on their experience in the analysis (e.g. one might produce a level of 'potential objectives'). Once levels are defined, the elements are populated using specific methods; for example, planned elements result from document analysis, observations and interviews. Analyses of the observational data, in particular, would determine how the different elements connect, or not, as shown with the solid and dashed arrows in Figure 3 . The evaluation team would then apply Eqn 1 individually for each of the abstract dimension levels of the course-specific ADS, to identify the emergent elements, remembering that emergence is defined by both the presence and absence of elements. Figure 3 is an example of a final product resulting from our systems engineering informed programme evaluation, which visualises the planned and emergent elements, as well as the connections (or lack thereof) among system elements.
An analysis of the course resources level shows that all elements are planned, which might be expected because it is unlikely that resources would emerge in a well-planned programme. Notably, programme resources are not only tangible, material elements, but also include human elements such as instructors, trainees and support personnel. Further analysis of this level would show some elements are not connected to elements in the teaching and learning afforded by resources level. An evaluator might judge that such unconnected resources might not be needed in the programme, or that connections need to be formed in future iterations to justify their presence.
Analysing the teaching and learning afforded by resources level reveals two emergent teaching and learning processes (self-regulated and peer-to-peer learning) that were not planned explicitly in the course design. The appearance of these emergent elements shows that trainees are using different processes as they work to reach some of the course goals. Evaluators and course designers, in future iterations of the programme, would account for these processes as part of the design by, for example, ensuring there are enough resources to support them. Further analysis at this level would show that the 'flipped classroom' process is not connected to any other element, suggesting that although the course designers documented using this underpinning educational process, the programme does not appear to have the resources required to support it, and it does not appear to help achieve any programme goals. This disconnect is important because course designers could either redesign the programme with different underpinning educational processes (redirect resources associated with the Figure 3 Final product of a systems engineering informed programme evaluation of a hypothetical educational course that intends to teach suturing using expert-supported learning and flipped classroom approaches. The figure shows emergent elements at all levels of abstraction. These emergent elements show processes that were not planned but are happening as the course unfolds. Course designers can use these data to redesign future iterations of the course. Figure 3 also presents elements that have no connection among the levels of abstraction. These non-connected elements are important for course designers, because they can be either removed, and resources reallocated, or the course design can be modified disconnected process) or develop connections between that process and supportive resources that help achieve at least one programme goal.
Analysing the course goals level reveals two important findings. The first finding is the emergent goal, which is that trainees aimed to create strong relationships with their peers. Although this goal was not considered in the initial course design, course designers and stakeholders would now be aware that it may develop as the course unfolds, and they can decide whether to formalise and support that goal in future course iterations. The second finding is that the planned 'speak up when you don't know' goal has no connections in the ADS, suggesting it is not being achieved in this course iteration. Evaluators and course designers may wish to analyse why this goal is not being achieved, and either refine the course to achieve this goal or change the goals of the course.
Our proposed method is preliminary, and we do not yet have the necessary data to provide a step-bystep process for how to conduct this type of programme evaluation. We suggest that systems engineering, specifically the framework we proposed here (i.e. cognitive work analysis, ADS and analysis of emergent elements), could inform future programme evaluation initiatives and offer a new method for optimising the efficiency and effectiveness of programmes in HPE.
Beyond the small-scale course we present in our example, we argue that evaluators can use our framework to evaluate full programmes and curricula, wherein the 'programme-specific' ADS would contain more levels in both the abstract and decomposition dimensions. Such an evaluation would require a more robust data collection procedure to capture elements for each of the levels proposed by the programme-specific ADS. The process would generate multiple models like the one shown in Figure 3 ; specifically, each level in the decomposition dimension of the more comprehensive ADS would result in a diagram like Figure 3 .
COMPARING OUR SYSTEMS ENGINEERING INFORMED PROGRAMME EVALUATION FRAMEWORK WITH ALTERNATIVE PROGRAMME EVALUATION FRAMEWORKS
Using systems engineering principles and tools is novel for programme evaluation, yet we recognise concepts like complexity and emergence are included in other programme evaluation frameworks. In this section, we contrast our framework with specific evaluation alternatives common in HPE (see Table 2 ). We chose not to include programme evaluation frameworks that focus only on outcomes, because effective HPE evaluations must shift to frameworks aimed at understanding all programme elements, not simply outcomes. 37 In our analysis, we briefly describe each framework, and note their strengths and limitations. We focus on: (i) logic models, (ii) context, input, process, product (CIPP), (iii) realist evaluation and (iv) our proposed framework. We do not intend to present a hierarchy of the different evaluation frameworks. Ultimately, we suggest that stakeholders select a programme evaluation framework based on their evaluation purpose, expected timeline, resource availability and expected evaluation outcome.
CONCLUSION
We designed our proposed systems engineering programme evaluation framework to help evaluators capture the planned and emergent elements described by Haji et al. 5 We developed a basic educational ADS to serve as the starting point for evaluators before they create a programme-specific ADS. By specifying the programme iteratively using the ADS, evaluators create a robust representation of the system, which is key in distinguishing it from the other programme evaluation frameworks used in HPE, where evaluation parameters are predefined (e.g. CIPP has a very specific focus). Educational programmes in HPE can be fundamentally different depending on the institution or setting in which they are embedded; hence, we feel our framework provides programme evaluators with another way to shape the dimensions of their analysis to capture a programme's unique characteristics. Furthermore, by conceptualising educational programmes as complex socio-technical systems, our framework will help evaluators attend to how possible interactions in a programme may lead to emergent elements. We are aware that other evaluation frameworks used in HPE aim to capture emergent outcomes, and for those our framework provides methods aimed at capturing emergent processes as well as emergent outcomes.
We avoided prescribing specific methods for our programme evaluation framework because we Table 2 Comparative analysis of our proposed systems engineering informed evaluation with alternative programme evaluation frameworks used in health professions education What else is happening?
Why is it happening?
understand that there is no 'one way' of creating an ADS or of capturing a programme's emergent elements. Our hypothetical case was a constructed example to help the reader visualise the final product that might be generated using our framework. Our comparison in Table 2 aimed to help evaluators choose which framework to use, and to emphasise that their decision should be based on the purpose of the evaluation, where the programme is at in its lifecycle, the resources available, the willingness and ability of stakeholders to participate in the evaluation, and the depth and breadth of the expected evaluation outcomes. We expect that evaluators might choose two or more frameworks to use in a blended approach, selecting principles, tools and methods to address their evaluation question. We believe our framework adds a unique and complementary conceptualisation of emergent elements to such a blended approach.
Our methods will need to be refined. Further research should apply principles from our framework to evaluate a variety of programmes in different systems, and to clarify and refine the sources of data collection, the methods of analysis and the processes for translating results into recommendations. We believe a body of research will help to further refine how we define emergence, which will help evaluators understand the dynamics of their programmes in HPE. Further research should also analyse the impact of including quantitative data (e.g. trainees' grades, number of fails and attendance) when developing the programme-specific ADS, and when analysing the data to generate emergent processes and outcomes. Ultimately, our research goal is to define a set of best practices for systems engineering informed programme evaluation in HPE, while also advancing our understanding of 'emergence' as a useful construct in HPE research.
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